Intermediate Temperature Solid Oxide Fuel Cell (IT-SOFC) technology offers interesting opportunities in the panorama of a larger penetration of renewable and distributed power generation, namely high electrical efficiency at manageable scales for both remote and industrial applications. In order to optimize the performance and the operating conditions of such a pre-commercial technology, an effective synergy between experimentation and simulation is fundamental. For this purpose, starting from the SIMFC (SIMulation of Fuel Cells) code set-up and successfully validated for Molten Carbonate Fuel Cells, a new version of the code has been developed for IT-SOFCs. The new release of the code allows the calculation of the maps of the main electrical, chemical, and physical parameters on the cell plane of planar IT-SOFCs fed in co-flow. A semi-empirical kinetic formulation has been set-up, identifying the related parameters thanks to a devoted series of experiments, and integrated in SIMFC. Thanks to a multi-sampling innovative experimental apparatus the simultaneous measurement of temperature and gas composition on the cell plane was possible, so that a preliminary validation of the model on local values was carried out. A good agreement between experimental and simulated data was achieved in terms of cell voltages and local temperatures, but also, for the first time, in terms of local concentration on the cell plane, encouraging further developments. This numerical tool is proposed for a better interpretation of the phenomena occurring in IT-SOFCs and a consequential optimization of their performance.
Introduction
With the increase of pollution resulting from the use of fossil fuels, a significant effort in the research and development of alternative fuels is aimed at all countries on a worldwide level. Among the alternative technologies to produce power with low emissions, fuel cells play a key role in this scenario. Nowadays high-temperature fuel cells such as Molten Carbonate Fuel Cells (MCFCs) and Solid Oxide Fuel Cells (SOFCs) are under study in order to be introduced into the world market. In particular, the latter technology presents several advantages with respect to internal combustion engines such as high efficiency, fuel flexibility, and a reduced environmental impact. SOFCs have been the subject of study since the first years of the 1937 by Reference [1] . During the 1970s and 1980s, support for the development of SOFCs came from large generating equipment manufacturers such as IT-SOFCs work in a range of temperatures between 923 and 1023 K [4] , so that their waste heat can be reutilised in cogeneration systems [5] .
Nevertheless, a further technological improvement is necessary to promote an extensive industrial commercialization. For this reason, a synergy between experimentation and simulation is proposed here as the better approach to evaluate and optimise performance, providing solutions for diagnostic, predictive and development issues.
In recent years, a good number of scientists have investigated into SOFC modelling to estimate physical, chemical and kinetic key performance indicators and have carefully followed the scale-up from a lab-scale to an industrial one. These models range from zero-dimensional (0-D) ones, which are lumped models using concentrated parameters and which can only relate to cell global proprieties, to three dimensional (3-D) ones, which are detailed models using distributed parameters and can describe cell local proprieties on the three spatial coordinates. The use of any one of these types of models depends of the research aims: Usually 3-D and 2-D models concern phenomena investigation, while 1-D and 0-D models are related to control purposes [6] [7] [8] [9] [10] [11] .
In particular, with 3-D models, the attention is focused on the local behaviour providing temperature and component distribution along the three coordinates so as, for example, in References [12] [13] [14] [15] . Detailed 3D models are usually very computationally expensive due to the highly coupled and nonlinear nature of their mathematical formulation as well as a large number of functional domains in the cell. In order to simplify the mathematical and computational complexity, the cell geometry is usually assumed to be 2-D [16] [17] [18] [19] [20] [21] [22] , representing a 2-D cross-sectional domain and neglecting the changes of physics in the third coordinate.
On the other hand, sometimes lower dimensional models are used in the study of dynamic or complex systems because of their minor computational effort with respect to the high dimensional ones, although at the expense of less reliability of the resulting predictions.
In the 1-D model, the profiles of the chemical-physical properties are calculated only along the more significant coordinate, so that two of the geometrical dimensions are neglected [23] [24] [25] [26] [27] [28] . Finally, 0-D models are based on groups of algebra equations to calculate for example cell voltage, power output, and cell efficiency using a simplified macroscopic approach, effective, for example, for control purposes [29] .
The mentioned models can be defined "white" models, because they are based on explicit physical equations, or at least "grey" models, when based on a semi-empirical approach which integrates a priori knowledge of the physical process and mathematical relations that describe the behavior of the system. In the latter case, the model construction foresees at first the set-up of the basic model, then the conduction of experimental tests, finally the calibration and validation of the model on the basis of the experimental results. An example of this approach can be found in the work by Sorrentino and Pianese [30] for the diagnosis of a SOFC unit in a complex system. Nevertheless, in addition to these first principle models, "black-box" models have also been developed as behavioral models derived through a statistical data-driven approach. As opposed to the physical models, they are not based on explicit physical equations, but on a database of measured experimental values that are capable of reflecting the relationship between inputs and outputs, of which examples can be found in References [31] [32] [33] [34] [35] [36] .
In the present work, a simplified semi-empirical electro-kinetic relationship is proposed for IT-SOFCs, starting from physical principles and performing devoted experimental tests for the identification of the parameters. The kinetic expression has been integrated as a new kinetic core in the SIMFC code. It is a numerical 2-D deterministic model, based on local mass, energy, charge, and momentum balances, which have been set-up and successfully validated by PERT (Process Engineering Research Team) of the University of Genoa for Molten Carbonate Fuel Cells [37] [38] [39] and has been updated to allow also IT-SOFCs simulation. The experimental tests have been carried out on planar single cells at ENEA laboratories of the Casaccia Research Centre. Thanks to an innovative experimental facility [40] , it has been possible to also validate, experimentally, the local values of temperature and anodic composition calculated on the cell plane. The last point presents a new interesting contribution to the research in this field. Both theoretical and experimental results are reported and discussed in the following sections.
Modelling

Semi-Empirical Kinetics
If we fed hydrogen to the anode and oxygen to the cathode, the reactions that occur at the IT-SOFC electrodes are the following:
following a thermodynamic approach [37] , the equilibrium cell voltage ∆E can be expressed by means of the Nernst equation:
where R is the universal gas constant and F is the Faraday constant. E 0 is the reversible cell voltage, which can be expressed as a function of temperature using this relationship [41] :
Analysing the problem from a kinetic point of view, under load the operating cell voltage ∆V is penalized by polarizations, which can be considered as follows:
where η Ohm is the voltage loss due to the purely Ohmic internal resistance as well as the contact resistance, η anode and η cathode are the polarizations at the electrode scale due to activation and reactant diffusion phenomena. In this paper, working at sufficiently low fuel utilization factors, that is ratios between reacted hydrogen and fed hydrogen lower than 30%, the characteristic curves results are quite linear and Equation (5) has been simplified assuming:
where
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Ohmic resistance R Ohm can be evaluated by means of a temperature dependent relationship
where P 0 represents the contact resistance, usually negligible [42] [43] [44] , while P 1 and P 2 are phenomenological coefficients evaluated by fitting experimental data. The electrode polarizations have been derived from the Butler-Volmer equation [37] 
when the reverse reaction, diffusion phenomena and non-linear terms are neglected. In terms of electrode resistances R an and R cat , it can be obtained:
where j 0 is the exchange current density which can be expressed as follows [45] :
where A, B, C, D, L, M, and N are phenomenological coefficients based on experimental data and/or evaluated by physical equations. As the reference operating pressure is equal to 1 atm and in the studied operating conditions it is possible to neglect the dependence on water thanks to the low ratio p H 2 O p H 2 [46] , it is possible to write:
Finally, the semi-empirical kinetic formulation for IT-SOFCs is obtained:
where the empirical coefficients P 1 , P 2 , P 3 , P 4 , P 5 , P 6 , P 7 and P 8 must be identified with experimental tests. The physical meanings of the phenomenological parameters quoted previously, is the following:
• P 1 and P 2 are related to the calculation of the fuel cell conductivity; • P 3 , P 4 , and P 5 are related to the pre-exponential factor, activation energy and order of anodic reaction of the expression of the linear part of the resistance respectively; • P 6 , P 7 , and P 8 are related to the pre-exponential factor, activation energy and order of cathodic reaction of the expression of the linear part of the resistance, respectively.
SIMFC Code
The above discussed formulation was integrated into the SIMFC code, previously developed for Molten Carbonate Fuel Cells [37] . This modelling tool is based on local mass, energy, momentum, and charge balances and allows the calculation of the maps on the cell plane of the main chemical-physical variables characterising the cell behaviour.
This tool is able to simulate steady state as well as transient conditions, runs quickly, it is written in Fortran language and can be implemented in many commercial software applications for system simulation [47] .
In the present work, the general structure of the code has been kept the same as Reference [37] , but all the balances have been modified taking into account the reactions occurring in IT-SOFCs. In addition, the data related to the cell configuration and materials were updated for the new technology and the gas co-flow feeding system was set-up, as the SIMFC code had been previously validated for crossflow configuration [48] .
The basic equations used are reported in Table 1 . To solve the differential equation system shown in the table, the finite difference method is used with the relaxation method for the energy balance of the solid, which is a Fourier problem. 
cathodic gas
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momentum balances anodic gas
In particular, the cell plane is divided into an optimised number of sub-cells where balances are applied and where thermodynamic and kinetic proprieties are calculated directly at the local operating conditions.
In this way, for example, Nernst losses [37] due to the varying reactant and product concentration are directly considered thanks to the local approach and so the inaccuracy of combining equilibrium and non-equilibrium statements are avoided [49] .
SIMFC needs the following main inputs: average current density (galvanostatic working condition), electro-kinetics parameters, thermodynamic and transport proprieties, composition and total flow rate of the feeding streams, cell geometrical characteristics, and convergence parameters (e.g., number of sub-cells and tolerance values).
The resulting main outputs are: Cell voltage; fuel and oxidant utilisation factors; maps on the cell plane of electrical current densities, Nernst voltage, polarization contributions, temperature (of the solid and gaseous streams), pressure drops, compositions, and flow rates of the gaseous streams.
Validation Tests
In order to identify the kinetic parameters (P 1 -P 8 ) previously discussed and subsequently validate the local results of the model, a number of experimental tests was carried out as summarized in Table 2 . The experiments have been performed to measure characteristic curves by varying the electric load, maintaining the input constant molar flow rates, and guaranteeing a low reactant utilization factor to avoid diffusion limits. The temperature and reactant composition have been changed one at a time (with N 2 balancing) in order to isolate their effect on the electrochemical model.
All experiments were carried out at atmospheric pressure.
Results and Discussion
Experimental Data
In Figure 1 the data obtained at the operating conditions named H 2 96%, H 2 80%, H 2 60%, and H 2 40% (see Table 2 ) are reported: as expected the performance improves when the content of hydrogen in the anodic flow rate increases. From the characteristic curves, the voltage trend can be evaluated, while the Electrochemical Impedance Spectra (EIS) spectra show two main points: these two intercept with the x-axis of the Nyquist plot. The first one identifies the Ohmic resistance and it is not affected by the composition change. Due to the measurement procedure used, this evaluation does not take into account the contact resistance, nevertheless it has been assumed to be negligible as was previously mentioned [42] [43] [44] . The second intercept, related to the amplitude of the curve, gives a measure of the decreasing of the sum of Ohmic and polarization resistances when a richer anodic flow rate is fed in.
Similar considerations can be made observing the data obtained varying the feeding concentration of the cathodic reactant (see Figure 2) . Finally, Figure 3 shows the results obtained varying the operating temperature. The improving performances at a higher temperature confirm how the total resistance decreases when temperature increases. The same trend is clearly shown by the EIS spectra. In this case, the Ohmic resistance also varies, assuming high values at high temperatures.
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Parameter Identification
The above discussed experimental data have been used to identify the parameters necessary to Finally, Figure 3 shows the results obtained varying the operating temperature. The improving performances at a higher temperature confirm how the total resistance decreases when temperature increases. The same trend is clearly shown by the EIS spectra. In this case, the Ohmic resistance also varies, assuming high values at high temperatures. 
The above discussed experimental data have been used to identify the parameters necessary to calculate the local total resistance Rtot according to the kinetic formulation of Equation (15) .
Considering the Ohmic contribution, neglecting the contac losses P0, the parameters P1 and P2 were identified by means of the OriginLab © software (version 8, OriginLab Corporation, Northampton, MA USA), and the experimental data collected thanks to the EIS analyses at different operating conditions. 
The above discussed experimental data have been used to identify the parameters necessary to calculate the local total resistance R tot according to the kinetic formulation of Equation (15) . Considering the Ohmic contribution, neglecting the contac losses P 0 , the parameters P 1 and P 2 were identified by means of the OriginLab © software (version 8, OriginLab Corporation, Northampton, MA USA), and the experimental data collected thanks to the EIS analyses at different operating conditions. Table 3 compares the obtained results and some literature values: The orders of magnitude are the same. Regarding the other terms of the Equation (15), namely R an,H 2 , and R cat, O 2 , the parameters have been identified thanks to the above discussed characteristic curves. In particular, this procedure has been followed:
The slope of the curves has been calculated and interpreted as a global resistance; 2.
The Nernst loss due to the reactant consumption under different loads has been calculated assuming a linear dependence on current density [37] ; 3.
The local total resistance R tot has been calculated subtracting the Nernst loss from the global resistance; 4.
The sum of the contributions R an,H 2 and R cat,O 2 have been obtained by subtracting the Ohmic contribution from the local total resistance; 5.
P 3 and P 6 have been obtained by using the resulting values of R an,H 2 + R cat,O 2 .
It can be noted that, referring to similar kinetic formulation in the literature, the equivalent parameters, which can be found present in the same orders of magnitude (Table 4) . Regarding P 4 and P 7 we chose to use 13230 K [52] and 14433 K [51] , respectively, taking them from literature as related to the activation energies of the occurring reactions. Finally, both P 5 and P 8 , have been assumed equal to 0.5, as provided in References [46, 53] . The characteristic curves presented above, have been simulated with the SIMFC code using the identified kinetic parameters. As a systematic error of about 0.018 V has been observed in the open circuit comparing the experimental voltage and the theoretical one calculated with the Nernst equation, this correction has been forced in the SIMFC code (subtracting 0.018 V to the theoretical value).
In Figures 4-6 , the obtained results concerning the comparison between experimental and calculated polarisation curves are reported. These figures refer to different operating conditions and, in each case, show a good agreement, with an average error of 1.7% on the voltages. The error does not show a particular trend and it is calculated in every graph as the average of the deviation between experimental and simulated data at the different current densities. In detail, Figures 4 and 5 show how performance increases when the reactant concentration increases. A wider range of hydrogen concentrations has been tested to hypothesise different fuel types, while the oxygen concentration has been maintained around the typical value of industrial applications. In Figure 6 , characteristic curves at different temperatures are reported and show the expected positive effect of the temperature increase on the performance due to the reduction of the resistances, despite the Nernst potential penalisation. 
Local Validation
As above mentioned, by means of SIMFC it is possible to calculate the maps of the main chemical-physical variables on the cell plane, while the innovative test rig in the ENEA lab allows an evaluation of in-operando local values of temperature and hydrogen molar percentage at the anode side. In this way, simulated maps can be validated thanks to the available experimental local values.
The results of the 2-D simulation are reported in Figure 7 in terms of hydrogen content and referring to the reference operating conditions at two electrical loads (123 mA cm −2 and 248 mA cm −2 ). 
The results of the 2-D simulation are reported in Figure 7 in terms of hydrogen content and referring to the reference operating conditions at two electrical loads (123 mA cm −2 and 248 mA cm −2 ).
As expected, from the inlet to the outlet in co-flow gas feeding configuration, the hydrogen content decreases due to the electrochemical reaction occurring in the fuel cell. The decrement is more evident at 248 mA cm −2 , where the fuel utilization factor is higher with respect to the electrical load condition at 123 mA cm −2 .
In Figure 8 there is a schematic representation of the position of the sampling points on the cell plane. The results of simulation are compared with the experimental values in Table 5 . As expected, from the inlet to the outlet in co-flow gas feeding configuration, the hydrogen content decreases due to the electrochemical reaction occurring in the fuel cell. The decrement is more evident at 248 mA cm −2 , where the fuel utilization factor is higher with respect to the electrical load condition at 123 mA cm −2 .
In Figure 8 there is a schematic representation of the position of the sampling points on the cell plane. The results of simulation are compared with the experimental values in Table 5 . The validation shows a satisfactory agreement between simulated and experimental results with an average error of 4%.
From a thermal point of view, Figure 9 shows the maps of the anodic gas temperature on the cell plane at the two studied current densities. Heat exchange through the top and bottom surfaces of the cell with the surrounding atmosphere of the test facility was predicted. The validation shows a satisfactory agreement between simulated and experimental results with an average error of 4%.
From a thermal point of view, Figure 9 shows the maps of the anodic gas temperature on the cell plane at the two studied current densities. Heat exchange through the top and bottom surfaces of the cell with the surrounding atmosphere of the test facility was predicted. The temperature of the anodic gas, as expected, increases from the inlet to the outlet in both load conditions because of the co-flow feeding configuration of the test facility.
Similarly, in the case of the molar composition maps, in Table 6 it is possible to compare simulated and experimental temperature values of the sampling points reported in Figure 8 . The temperature of the anodic gas, as expected, increases from the inlet to the outlet in both load conditions because of the co-flow feeding configuration of the test facility.
Similarly, in the case of the molar composition maps, in Table 6 it is possible to compare simulated and experimental temperature values of the sampling points reported in Figure 8 .
The agreement obtained is very good, with an average error of 0.3 % referring to all the available data. 
Experimentation
The facility used for the experimentation is suitable for single cell operation and it was developed by ENEA in the framework of the "New all-European high-performance stack: Design for mass production (NELLHI)" European project. This test rig allows standard electrochemical tests such as polarization curves and EIS analysis, but the innovative feature is the possibility to measure the temperature and gas composition on the anode surface of the cell in real time using a gas chromatography and eleven thermocouples connected by means of eleven capillary tubes made out of AISI 310S stainless steel and welded perpendicularly in correspondence to the sampling ports. Some details of the unique and innovative test rig are shown in Figure 10 . More exhaustive details of the experimental test rig can be found in [40, 54] . As far as we know, another experimental test rig has been developed by Schiller et al. [55] , but in that case, physical probes are used in a planar-segmented cell that also allows local measurements such as current density, voltage, temperature, and fuel concentrations along the flow path.
In the current work, anode supported IT-SOFC provided by Elcogen AS (Tallinn, Estony) has been tested.
The square planar single cells had a geometrical area of 144 cm 2 and an active area of 121 cm 2 and the main characteristics presented in Table 7 .
EIS has been measured in order to accurately evaluate the internal resistance of the cell. EIS measurements were carried out to analyse the frequency response of the cells tested, within the frequency range 10 kHz-0.01 Hz, using a frequency response analyser (FRA 1255B, Solartron Co., Farnborough, UK) coupled with an electrochemical dielectric interface (EI, 1287 Solartron Co., Farnborough, UK). All impedance measurements performed within this work were carried out under open-circuit conditions. In the current work, anode supported IT-SOFC provided by Elcogen AS (Tallinn, Estony) has been tested.
The square planar single cells had a geometrical area of 144 cm 2 and an active area of 121 cm 2 and the main characteristics presented in Table 7 . The electrodes porosity was 40% and 35% for anode and cathode respectively.
EIS has been measured in order to accurately evaluate the internal resistance of the cell. EIS measurements were carried out to analyse the frequency response of the cells tested, within the frequency range 10 kHz-0.01 Hz, using a frequency response analyser (FRA 1255B, Solartron Co., Farnborough, UK) coupled with an electrochemical dielectric interface (EI, 1287 Solartron Co., Farnborough, UK). All impedance measurements performed within this work were carried out under opencircuit conditions.
Conclusions
A new version of the SIMFC code has been set-up to allow the simulation of planar co-flow ITSOFCs fed by H2 as an ideal case study. The resulting 2-D code has been demonstrated to be a potential interesting tool, which can be useful for diagnostic and predictive issues. The electrodes porosity was 40% and 35% for anode and cathode respectively.
A new version of the SIMFC code has been set-up to allow the simulation of planar co-flow IT-SOFCs fed by H 2 as an ideal case study. The resulting 2-D code has been demonstrated to be a potential interesting tool, which can be useful for diagnostic and predictive issues.
The kinetic core of the model is a simplified semi-empirical formulation, which considers only the linear part of the polarization terms because of the low utilization factors used in the reference experimental tests.
Experiments on anode-supported single cells have been carried out feeding a humidified mixture of H 2 and N 2 at the anode and a mixture of O 2 and N 2 at the cathode and performing characteristic curves and EIS analyses at different operating conditions. The use of an innovative test facility with eleven sampling points allowed the detection of local temperature and hydrogen molar fraction on the anodic side.
The possibility of a model validation also on such local values represents a new outcome in this research area and can allow the set-up of a more reliable simulation tools to support the identification of a new technological solution or the optimisation of the operating conditions.
The preliminary comparison between experimental and calculated results showed a good agreement, with average errors equal to 1.4%, 4%, and 0.3% in terms of cell voltage, local H 2 molar fraction and local anodic gas temperature, respectively. The obtained results encourage further studies which allow the model validation on a greater quantity of data and under a wider range of operating conditions. Constant in Momentum Balances P 0 , P 1 , P 2 , P 3, P 4 , P 5 , P 6 , P 7 and P 8 Empirical coefficients used in Equations (8), (13) 
